Controlled targeting and transport of redox enzymes to and across the bacterial cytoplasmic membrane is essential for bacterial respiration. A subset of bacterial redox enzymes is exported as folded proteins on the Tat (twin-arginine transport) pathway. Protein export is the point-of-no-return for passenger proteins on the Tat pathway and it is crucial that complex, cofactor-containing enzymes are fully assembled before export is attempted. Using the Escherichia coli trimethylamine N-oxide reductase system as a model, we discuss here the molecular processes governing assembly and export of Tat-dependent enzymes.
Introduction
TMAO (trimethylamine N-oxide) is a nitrogen-containing compound widespread in the marine environment. As a result, marine and related enteric bacteria have evolved respiratory chains capable of utilizing this unusual compound as a terminal electron acceptor [1] . TMAO reductases fall into two classes. Water-soluble, single subunit enzymes have been identified in well-studied bacteria such as Escherichia coli [2] and Shewanella species [3] . These enzymes contain bis-MGD (where MGD stands for molybdopterin guanine dinucleotide) as the only cofactor. Enteric bacteria such as E. coli also contain trimeric, membrane-bound, enzyme systems containing MGD and FeS clusters as cofactors, which can reduce S-oxide as well as N-oxide compounds [4] . In fact, almost all TMAO reductases can utilize DMSO, also widespread in the marine environment, as a substrate. The catalytic MGD-containing subunits of all TMAO/DMSO reductases are located in the periplasm, and transport of the enzymes across the cytoplasmic membrane is dependent on the activity of specialized N-terminal signal peptides.
Tat (twin-arginine transport) protein transport system
TMAO reductases are synthesized with N-terminal signal peptides containing a distinctive SRRxFLK 'twin-arginine' amino acid sequence motif [5] . Precursor proteins bearing twin-arginine signal peptides are recognized and transported post-translationally across the cytoplasmic membrane by the Tat system [5] . Most remarkably, all Tat substrates must be fully folded before the transport can proceed. In E. coli, the integral membrane proteins TatA, TatB and TatC form the core components of the Tat translocon. The TatBC Key words: molecular chaperone, molybdopterin cofactor, protein-protein interactions, Tat protein transport system, trimethylamine N-oxide (TMAO) reductase, twin-arginine signal peptide. Abbreviations used: MGD, molybdopterin guanine dinucleotide; Tat, twin-arginine transport; TMAO, trimethylamine N-oxide. 1 To whom correspondence should be addressed (email f.sargent@uea.ac.uk).
complex forms the twin-arginine signal peptide recognition site, whereas TatA forms a very large oligomeric ringstructure presumed to be the protein-conducting channel itself [5] .
Role of TorD in TMAO reductase assembly
TorA is the predominant TMAO reductase in E. coli, and has become one of the model enzymes in the study of assembly and export of Tat-dependent proteins. For example, the insertion of MGD into TorA has been shown to be essential for successful Tat, as has the signal peptide twinarginine motif [5] . The signal peptide is not required for the cofactor insertion process [6] ; however, cofactor loading into TorA is greatly enhanced by a cytoplasmic private chaperone termed TorD [6] [7] [8] . It is clear that TorD physically interacts with the TorA apoenzyme to facilitate efficient cofactor loading, although the stoichiometry and exact location of binding remain unknown. TorD is then released, again by an unknown mechanism, and plays no further role in the assembly, transport or activity of the TMAO reductase.
TorD-family chaperones
Sequence analysis suggests TorD is homologous with at least four other proteins in E. coli, namely DmsD, YcdY, NarJ and NarW [9] . The similarity to DmsD is the most intriguing since this protein was the first twin-arginine signal peptidebinding protein to be described [10] . DmsD interacts with the twin-arginine signal peptide of the trimeric membranebound DMSO reductase [10] and possibly also with the Tat translocase itself [11] . DmsD shares many structural features with the well-characterized TorD homologue from Shewanella massilia, in particular the overproduction of both proteins leads to the recovery of stable monomer and dimer forms [12, 13] . Each protomer consists of an ∼200 amino acid polypeptide that folds into two distinct domains (Nand C-terminal) separated by a short inter-domain 'hinge' region ( Figure 1 ). Dimerization is driven by a phenomenon known as 'domain-swapping' in which the N-domain of one protomer docks on to the C-domain of a second molecule (Figure 1 ). This architecture can be seen most clearly in the crystal structure of the TorD dimer from S. massilia [14] , but it is not clear whether TorD exists as two forms in vivo and the biochemical significance of the two structures has not yet been determined. The E. coli TorD protein has recently been isolated (Figure 2 ) and its biochemical properties are currently under investigation.
Signal peptide binding by the E. coli TorD protein
The similarity to DmsD, a twin-arginine signal peptide binding-protein, recently led to an investigation of the role of TorD in protein transport by the Tat pathway [15] . When the native Tat signal peptide of the E. coli [NiFe] hydrogenase-2 heterodimer was replaced by the TorA twinarginine signal peptide, the assembly processes and enzymic activity of the hydrogenase were impaired. Very interestingly, however, this loss of function phenotype could be rescued by overproduction of the TorD chaperone [15] . The most tempting interpretation of this result is that TorD recognizes the TorA signal during enzyme assembly. Furthermore, direct binding of the TorA signal peptide by TorD was established in a two-hybrid experiment. Using TorD as a 'bait' to 'fish' a random E. coli genomic library, the only interacting clones to be isolated actually coded for the TorA signal peptide [15] . Thus a combination of molecular-genetic experiments has successfully uncovered the previously submerged signalbinding activity of the TorD protein.
Concluding remarks
This review highlights the intimate link between cofactor insertion and protein targeting for complex Tat substrates. It is highly probable that cellular mechanisms exist to coordinate these two processes to prevent either wasteful export of immature substrates or competition between immature and mature proteins for the transporter. The most obvious route to prevent premature targeting would be to 'mask' the Tat signal peptide until all other assembly processes are complete. We suggest that such a 'proofreading' of the assembly of N-oxide reductases is performed by the TorD-family proteins working in tandem with specific twin-arginine signal peptides. Indeed, it is tempting to speculate that transport of other complex, cofactor-containing Tat substrates may also be regulated by dedicated signal-binding chaperones. 
